As a first step in the study of the structure at x-ray absorption edges, we have examined the discrete transitions corresponding to the atomic 1s 3d, 4s, 4p, Ss, and Sp transitions and the corresponding shakeup processes for Cu atom and for a Cu(tt) model system, CuC12. For CuC12 the lowest strong transitions have the character 1s 4p { f'=0. 00133). About 7.5 e& lower is a group of transitions involving ls 4p simultaneous with ligand-to-metal shakedown.
I. INTRODUCTION
With the availability of synchrotron radiation sources, the analysis of extended x-ray-absorption fine structure (EXAFS) has' developed into a powerful tool for the study of the local environment of transition metals in enzyme systems, ' ' on surfaces, in solution, " and in crystalline complexes. ' EXAFS spectroscopy allows the study of the coordination of a specific element. The modulation of the characteristic absorption provides specific information about the chemical environment, including the species, number, and distances of neighboring atoms. However, current methods of analysis of the fine structure do not provide information about bond angles.
Recently, EXAFS techniques have been used in studies of copper coordination spheres in several biologically important metalloproteins (cytochrome-c oxidase, ' azurin, 4 superoxide dismutase, ' and others) not generally amenable to x-ray crystallographic techniques. In addition, the analysis of the structure in the x-ray absorption edge (x-ray absorption-edge spectroscopy, XAES) provides information about the oxidation state of the metal and about the electronic structure of the ligands bound to the metal. ' A more detailed theoretical understanding of these absorption-edge phenomena would provide the experimentalist with another useful tool in the analysis of molecular structure. The absorption edge often shows shoulders ( Fig. 1 In this case, the 4p"orbitals are slightly larger than the atomic 4p orbitals (see Fig. 3 ). This transition to the II"excited state is symmetry allowed, though we find that it is not very strong (f=2.7 x 10 ', Table, III Fig. 4 (a is d 2, b is ligand ag) .
The next shakedown state in this series is to a Cu Ss-like orbital. It is also forbidden. At 1.9 e& above the excitation to the 4p"states we find the transition to the 4p, . f'his 4p, orbital, i plotted in Fig. 3 together with the Cu'+ atomic orbital, is strongly affected by the proximity of the occupied Cl orbitals and has been pushed higher in energy. This leads to the 1.9 eV splitting, which has implications for four-and six-coordinated complexes, as discussed later. Also, the more diffuse nature of the 4p, orbital reduces the strength of this transition, relative to the corresponding 4p"state.
We assign these (1s 4p) shakedown transitions (both 4p"and 4p ) to the absorption peak commonly identified as the ls "4s" direct transition (see Fig.  1 ). There are two factors to consider in reassigning this absorption-edge feature. The first is intensity. We find that the 1s-to-4p shakedown is 80% weaker than the 1s-to-4p direct transition, whereas the 1s-to4s direct transition is symmetry forbidden. (S =0.37), we would expect a factor of 7.1. Thus, qualitatively, the transition moment from the 1s to the 4p is similiar, and the difference in intensity arises primarily from the overlap term introduced by the shakedown.
In conclusion, our CuC12 calculations allow us to make assignments of the common three absorptionedge features of Cu(n) EXAFS spectra. The lowest energy transition is a weak quadrupole-allowed Cu 1s 3d transition. The next absorption corresponds to the dipole-allowed 1s-to-4p plus ligand-to-metal shakedown, and the most intense peak is the direct 1s-to-4p transition. It is important to note that in each case the spectral feature has been assigned to an allowed transition. This differentiates our assignment of the middle peak from previous work and has implications about the x-ray absorption-edge spectroscopy of the transition metals, as illustrated in Sec. III.
III. APPLICATIONS TO OTHER SYSTEMS
In this section we will consider the application of our ideas about Cu(tt) systems to the other transition metals in the Cu row. Also, we will briefly discuss the effects of mixed ligands and low symmetry. First we examine the divalent transition-metal fluorides, KMF3,~here the metal occupies an octahedral site. ' The EXAFS spectra are available for Mn(tt) For Zn(n), there are no d holes so we do not expect either 1s 3d or shakedown transitions. It would then be consistent to assign the lowest energy feature to the 1s 4p. However, two peaks are observed at the top of the absorption edge. Even assuming strong vibrational coupling, the lower energy peak appears much stronger than would be reasonable for a 1s 4s transition, Therefore we tentatively reassign the to~er energy peak to the 1s 4p, which should be a strong transition. There are several possibilities for the origin of the higherenergy transitions, including (i) a Is 4p plus shakeup state (where this shakeup would involve a transition from a 3d orbital to a virtual orbital of the same symmetry) or (ii) the ls Sp transition. Now, considering the first part of the row [Ti(tt) through Cr(tt)], we expect the trifluoride crystals to have qualitatively the same absorption-edge features as for Mn(tt) through Cu(tt), with one notable exception. This exception is Cr'(tt), which is formally d .
For this metal the ligand-to-metal shakedown has two nondegenerate components. Since the Cr(n) 3d el evel has only one electron, the electron that comes from the ligand eg orbital into the 3d eg level may be either singlet or triplet coupled to the single 3d electron already there. Both of these 3d spin configurations may be coupled to the remaining 1s and 4p singly occupied orbitals to produce an overall quintet excited state. This splitting should be about twice the 3d exchange integral (for the excited state), around 1.2 to 1.9 eV. Thus, in the Cr(n) trihalide crystal, the EXAFS experiment is predicted to show two shakedown transitions. This experiment, if performed, may serve. to differentiate our assignment of the second peak from the 1s 4s assignment made previously. The 1s 4s transition is also split into two components; however, the energy difference is only twice the 3d-4s exchange interaction, which is smaller, about 0.4 to 0.6 eV. 
